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Introduction
nematode species where similar screens were conducted (Sommer 2006 ). Finally, the last 139 class of vulval cell fate mutants caused an excess of 2°-fated cells. Unexpectedly, these 140 mutations corresponded to lesions in Oti-plx-1 and Oti-smp-1, encoding plexin and 141 semaphorin, a cell signaling system that was not found in C. elegans vulva mutagenesis 142 screens. 143 plates with Escherichia coli strain OP50 as a food source (Brenner 1974; Félix et al. 2000b ). 148 C. elegans and O. tipulae strains were maintained respectively at 20°C and 23°C, unless 149 otherwise indicated. N2 is used as a reference strain for C. elegans and CEW1, a wild isolate 150 from Brazil, as a reference strain for O. tipulae. A list of strains used in this study is presented 151
in Table S1 . 152 153
Mapping by sequencing and identification of molecular lesions 154
The mapping-by-sequencing strategy has been comprehensively described before (Besnard 155 et al. 2017 ). In brief, each mutant O. tipulae line previously obtained in the CEW1 genetic 156 background was crossed to males of the molecularly divergent wild isolate JU170. In the case 157 of the fully Vulvaless iov-1(mf86) mutant, males of strain JU432 of genotype iov-1(mf86); 158 him(sy527) were crossed to JU170 hermaphrodites. In all cases, individual F2 progeny with a 159 recessive mutant phenotype were isolated and the mutant phenotype verified on the F3 brood. 160
The pooled DNA of the progeny of mutant F2s was extracted using the Puregene Core Kit A 161 (QIAGEN) and whole-genome sequenced at the BGI facilities. Pools from 37 to 152 individual 162
F2s were used, depending on the ease of scoring of the mutant phenotype. 163
Sequencing reads from each mutant pool were mapped to the CEW1 genome using 164 bwa (Li and Durbin 2009) and the resulting alignment converted to bam format using samtools 165 ). Each mapping was further processed with the GATK suite (Van der Auwera 166 et al. 2013) and allelic variants were called using HaplotypeCaller on a restricted list of JU170 167 sites for faster computation. Scaffolds having a mean JU170 allele frequency of less than 10% 168 were selected as candidates for possibly linkage with a causative locus and processed for 169 homozygous variant calling in an unrestrictive manner. JU170 variants were filtered out from 170 genetic complementation screens, the gene was sequenced to find a possible lesion and in 181 all cases we did find a lesion in the same gene. A list of primers used for sequencing can be 182 found in Table S2 . We followed C. elegans nomenclature and recommendations for other nematode species in 199
Tuli et al. (2018) . Briefly, mutant class names had been given at the time of our screen: iov for 200 induction of the vulva; dov, for division of vulva precursor cells; cov for competence and/or 201 centering of vulva precursor cells. Once the molecular lesion has been identified, we use the 202 name of the C. elegans homolog preceded by the species prefix for Oscheius tipulae 'Oti-'; for 203 example the iov-1(mf86) allele is thus renamed Oti-lin-3(mf86). stage populations were used for mRNA localization experiment, while bleach-synchronized 208 populations at the L3 larval stage were used for mRNA quantification. Only L3 stage 209 nematodes with a gonad longer than 300 pixels (38.66 micrometers) were considered for 210 mRNA quantification. The short fluorescently labelled oligos used in this study were acquired 211 from LGC Biosearch Technologies and were used at a concentration of 100 to 200 mM. A list 212 containing the sequences of the smFISH oligonucleotides is provided in Table S3 . were used to infer cell fates based on the topology and number of cells at different stages. 219
Half fates were assigned when two daughters of the Pn.p cells acquired distinct fates after the 220 first cell division. 221
Measurements of distances between the nuclei of Pn.p cells were performed on 222 mounted larvae at 3 different developmental stages: L2 molt, early L3 (before the division of 223 dorsal uterine DU cells), and mid L3 (after DU cell division and before Pn.p divisions). The 224 distance between the center of the Pn.p and AC nuclei was measured in pixels using a 225
Photometrics CoolSNAP ES camera and the Nikon NIS-Elements software (version 3.0.1). Where 6. %& is the distance between P6.p and the AC, 5. +,.-is the distance between P5.p 230 and P4.p, and 6. +..-is the distance between P6.p and P5.p. Non-normalized 231 measurements can be found in Table S4 . 232 234
Genome editing 235
We followed the CRISPR-Cas9 target design in Paix et al. (2015) . We targeted the following 236 sequence at the O. tipulae lin-3 cis-regulatory region 5'-cCACCTGcatgtcctttttgcgc-3' (E-box 237 site in uppercase, within an underlined NGGNGG PAM motif in the negative strand). The 238 mf113 allele was produced with the synthetic Oti_lin-3_A-2 -GCGCAAAAAGGACAUGCAGG-239 crRNA manufactured by Dharmacon (GE Healthcare), while mf114 was produced with the 240 same crRNA sequence synthetized by IDT. Each crRNA was mixed with tcRNA (Paix et al. adults. The F1 progeny of the injected nematodes were placed into new plates and, after 247 letting them lay eggs for one day, screened for deletions by PCR with the mf86-EboxA-F and 248 mf86-R primers. Heterozygous F1 animals were identified by band-size separation on 3% 249 agarose gels, and homozygous F2 mutants were easily spotted by their bag phenotype. Only Table S1 . List of strains used in this study. 269 -Table S2 . Sequences of DNA primers used in this study. Sequencing primers to verify by 270
Sanger sequencing the mutations identified by the mapping by sequencing approach, and to 271 identify the molecular lesion in additional alleles. 272 -Table S3 . Sequences of smFISH probes used in this study. The fluorophore coupled to each 273 probe is noted at the end of the set name. 274 - 
Results
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The sole hypoinduction mutation is due to a cis-regulatory change in Oti-lin-3 282
Our prior mutagenesis screens had yielded a single mutant with an Induction Vulvaless 283 phenotype, i.e. the 1° and 2° fates are transformed to a 3° fate (two rounds of division and 284 fusion to the hyp7 syncytium, represented in yellow in the figures) but rarely to a non-285 competent state (fusion to hyp7 without division, prior to the L3 stage, represented in grey) 286 To test whether the conserved E-box motif was required for the expression of Oti-lin-298 3 and also confirm that the 191 bp deletion was causal for the vulva phenotype, we performed 299 a CRISPR/Cas9 experiment specifically targeting this site. We obtained two new mutations, a 300 smaller 12 bp deletion (mf113) and a one-bp insertion in the E-box (mf114). Both showed a 301 strong decrease in the level of induction, confirming that the lesion in the Oti-lin-3 gene is 302 causal for the phenotype ( Fig. 2A , Table S4 ). Further smFISH experiments in the Oti-lin-303 3(mf113) mutant revealed a similar level of mRNAs as in the Oti-lin-3(mf86) mutant 304
(Kolmogorov-Smirnov test non-significant, p=0.94). We conclude that the conserved E-box 305 site is also required in O. tipulae for lin-3 expression and that LIN-3 secreted from the anchor 306 cell is necessary for induction of both 2° and 1° fates. 307 308
The Wnt pathway plays a role in vulva precursor competence/induction and fate pattern 309 centering 310
A large class of mutants in our screen displayed a lower number of competent Pn.p cells 311 (transformation to 4°/grey fate) and a displacement of the 1° fate from P6.p to P5.p. In C. 312 elegans, this phenotype has not been seen at this high level of penetrance. The mapping-by- hypomorph that may negatively affect the activity of all Wnts. 323
We had distinguished somewhat arbitrarily classes of vulva mutations that affect 324 competence and centering (cov mutants) from those that affect division of vulval precursor 325 cells (dov mutants) (Dichtel et al. 2001). Among the latter class, we found that the dov-4 locus 326 encodes a Wnt-type ligand, Oti-egl-20 (supported by two alleles, including a premature stop). 327
The Oti-egl-20 mutation results in a lower competence and division frequency of P4.p and 328 P8.p, but hardly affects P(5-7).p. Centering of the 1° fate on P5.p only occurs at low 329 penetrance. Overall, the Oti-egl-20 phenotype is similar to that of Oti-mig-14 or Oti-mom-5, 330 albeit much weaker, suggesting the involvement of other Wnt family ligands. 331
The O. tipulae genome encodes five genes coding for Wnt signaling molecules, which 332 we found to be 1:1 orthologs to the five Wnt genes in C. elegans (Fig. S4 ). By smFISH, the 333 expression pattern of each of these five genes was found to be quite similar in L1-L3 larvae 334
to that of each ortholog in C. elegans, as determined in Song Much more unexpected is the identification of the mutations resulting in a vulva hyperinduction 367 phenotype. Indeed, the iov-3 locus turned out to correspond to the Oti-plx-1 gene, coding for 368 a plexin (one small deletion and two missense alleles), while the iov-2 mutant shows a deletion 369 in the Oti-smp-1 gene, coding for a semaphorin-type ligand (Fig. 4A ). This implicates a new 370 intercellular signaling pathway in vulval cell fate patterning and induction. 371
The plexin-semaphorin pathway is well known for contact-dependent growth inhibition 372 Table S4 . 380
The hyperinduction of P4.p and P8.p in the O. tipulae iov-2/smp-1 and iov-3/plx-1 381 mutants is a transfomation of 3° to 2° fate. The ectopically induced cells never adopt a 1° fate; 382 they join the main vulval invagination and therefore the adult phenotype is a protruding vulva 383
and not additional bumps on the cuticle as in the C. elegans Multivulva mutants. This contrast 384 with the C. elegans hyperinduced mutants, which correspond to an excess of Ras pathway 385 signaling, leading to ectopic 1° and 2° fates. 386
To understand why plexin and semaphorin mutations cause a vulval hyperinduction in these overlaps could alter the distance between the anchor cell and the Pn.p cells, we 395 measured these distances and found that they were shorter in the O. tipulae plx-1(mf78) 396 mutant but not in the C. elegans counterpart plx-1(ev724) (Fig. 4C, D) . (Both alleles are 397 deletion alleles, and thus putatively comparable null alleles.) As a consequence, the vulva 398 precursor cells tend to be closer to the anchor cell in O. tipulae, liklely explaining the excess 399 of 2° fate induction in the first induction wave. 400
In summary, the identification of these four different mutations points to 401 plexin/semaphorin signalling as an important pathway for the correct induction of the vulva 402 precursor cells, due to its effect on vulval precursor cell positioning. 403 corresponding to induction defects affected the genes lin-2, lin-7 or lin-10 (Horvitz and Sulston 408 1980; Ferguson and Horvitz 1985; Ferguson et al. 1987 ). Only rare tissue-specific reduction-409 of-function alleles were recovered in lin-3 and let-23, coding for the EGF and the EGF receptor, 410
respectively. Downstream factors in the EGFR-Ras/MAP kinase cascade were only 411 subsequently obtained by suppressor or enhancer screens (Sternberg and Han 1998) . 412
For lin-3, the first C. elegans allele, e1417, turned out to be a base substitution affecting 413 a cis-regulatory E-box (Hwang and Sternberg 2004) . The second viable allele, n378, is a 414 substitution in the signal peptide, showing high tissue-specificity for reasons still ignored (Liu 415 et al. 1999 ). Further lin-3 alleles were obtained in non-complementation screens or screens 416 for lethal mutants (Ferguson and Horvitz 1985; Liu et al. 1999 ). In summary, besides the lin-417 2/lin-7/lin-10 genes, a main target for a Vulvaless mutation appeared to be the cis-regulatory 418 element that activates lin-3 expression in the anchor cell in a tissue-specific manner. Given 419 this, the sole Vulvaless mutation we found in mutagenesis of O. tipulae, iov-1(mf86), is a 420 remarkably predictable hit: a deletion in a homologous non-coding region to that mutated in as the CRISPR/Cas9 experiment that confirmed the importance of this E-box (Fig. 2) . 423
Concerning lin-2, lin-7 or lin-10, we now know that the proteins LIN-2/CASK, LIN- In C. elegans, vulva precursor cells are attracted towards the anchor cell in response 462 to LIN-3 signaling, thus creating a positive feedback whereby the most induced cell moves 463 closest to the anchor cell (Grimbert et al. 2016 ). The same feedback may be at stake for the 464 2° cells, but curiously, we never observed an excess of 1°-fated cells in O. tipulae. This 465 correlates with the fact that we do not observe other VPCs overlapping with P6.p nor 466 contacting the anchor cell in the plexin/semaphorin mutants. It is thus possible that a lateral 467 inhibition from P6.p to its neighbors takes place in these mutants, preventing the positioning 468 of two VPCs below the anchor cell. 469 470
Wnt and EGF pathways act jointly in vulval competence and induction 471
We find that O. tipulae Wnt pathway mutants affect Pn.p competence and induction (2° to 3° 472 and 3° to F transformations, Fig. 3A ) and result in centering of the 1° fate on P5.p. The initial 473 genetic screens for C. elegans vulva mutants did not identify the Wnt pathway. The 474 corresponding mutants were found later by specifically screening for mutants that had a subtle. 479
In C. elegans, the Wnt pathway is mostly known to maintain vulval precursor 480 The same holds true in O. tipulae, with quantitative variations in mutant phenotypes. 493
In the Oti-lin-3(mf86) mutant, the 1° fate is abolished while the 2° fate is reduced. The 494
intermediate level of 2° fate may be due to some remaining Oti-lin-3 gene expression ( Fig.  495   2C) . Alternativey, another signal, such as Wnts, may participate to 2° fate induction. 496 protein is said from alkaline phosphatase reaction to be expressed in the uterus (Tian et al. 515
2008). It may be good to clarify whether this expression may be in the sex myoblasts on either 516 side of the uterus, as observed in O. tipulae and C. elegans (Fig. 3, S6 ). This is important, as 517
Ppa-LIN-44 cannot represent the vulva induction signal as proposed if it is not expressed in 518
the gonad precursors ablated in Sigrist and Sommer (1999) . Indeed, the only other Wnt 519 expressed in the P. pacificus gonad is Ppa-mom-2, but its expression in the anchor cell 520 The Wnt pathway is required for the F to 3° induction and also for the 3° to 2° induction 541 (directly or indirectly), as in C. elegans. Wnts also prevent centering of the vulva pattern on 542 P6.p, probably by a repulsive action of the posterior Wnts (Fig. 6) . The latter is much more 543 evident in O. tipulae than in C. elegans (Grimbert et al. 2016) . Table S1 . List of strains used in this study. Table S2 . Sequences of DNA primers used in this study.
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Sequencing primers to verify by Sanger sequencing the mutations identified by the mapping by sequencing approach, and to identify the molecular lesion in additional alleles. Table S3 . Sequences of smFISH probes used in this study.
The fluorophore coupled to each probe is noted at the end of the set name. 
CEW1 n=100
Oti-lin-3(mf86) n=91
Oti-lin-3(mf113) n=100
Oti 
CEW1 n=100
Oti-mig-14(mf34) n=20
Oti-mom-5(sy493) n=24
Oti-egl-20(sy464) n=49
Oti-mom-5(sy493); Oti-lin-3(mf86) n=31 500 bp
Oti-mig-14
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Oti-plx-1(mf78) Oti-plx-1(mf78) WT
VPC boundaries well defined Overlap between VPCs Gap between VPCs
